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Abstract 

The nervous system and gut of worker, soldier and alate castes of the eastern subterranean termite, Reticulitermes flavipes 
Kollar (Isoptera: Rhinotermitidae) were examined for immunoreactivity to an antiserum to Helicoverpa zea (Boddie) 
(Leipidoptera: Noctuidae) MP-I (QAARPRF-NH2), a truncated form of neuropeptide F. More than 145 immunostained 
axons and cell bodies were seen in the brain and all ganglia of the ventral nerve cord. Immunoreactive axons exiting the 
brain projected anteriorly to the frontal ganglion and posteriorly to the corpora cardiaca and corpora allata. In the 
stomatogastric nervous system, immunoreactive axons were observed over the surface of the foregut, salivary glands, 
midgut and rectum. These axons originated in the brain and from 15—25 neurosecretory cells on the foregut. Staining 
patterns were consistent between castes, with the exception of immunostaining observed in the optic lobes of alates. At 
least 600 immunoreactive endocrine cells were evenly distributed in the midguts of all castes with higher numbers 
present in the worker caste. Immunostaining of cells in the nervous system and midgut was blocked by preabsorption of 
the antiserum with Hez MP-I but not by a peptide having only the RF-NH2 in common. This distribution suggests NPF- 
like peptides coordinate feeding and digestion in all castes of this termite species. 
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Introduction 

The invertebrate neuropeptide Fs (NPFs) are members of 
a neuropeptide family that includes three related verteb- 
rate peptides, neuropeptide Y (NPY), peptide YY (PYY), 
and pancreatic polypeptide (PP) (Brown et al. 1 999; Ber- 
glund et al. 2003; Pedrazzini et al. 2003; Conlon and 
Larhammar 2005). Both NPFs and the NPY-related pep- 
tides are encoded by homologous genes and processed 
from propeptides into a bioactive peptide with 36 to 40 
amino acids and a Phe or Tyr-NH2 carboxy (C-) ter- 
minus. The first insect NPF was isolated from Drosophila 
melanogaster (Brown et al. 1999) and later, a related one 
was isolated from the mosquito, Aedes aegypti (Stanek et al. 
2002). Since then, other insect NPFs have been identified 
by bioinformatics in the genome databases of Anopheles 
gambiae (Garczynski et al. 2005), and Apis mellifera 
(Hummon et al. 2006), all of which are holometabolous 
species. To date, NPF has been identified by bioinform- 
atics from only a single hemimetabolous species, Locusta 
migratoria (Clynen et al. 2006). Truncated forms (8 to 10 
amino acids) of apparent NPFs have been isolated from 
the corn earworm, Helicoverpa zea (Huang et al. 1998) and 
the desert locust, Schistocerca gregaria (Schoofs et al. 2001). 

Immunocytochemical studies of insects provided the first 
evidence for vertebrate-like peptide hormones in insects. 
In particular, studies using PP or NPY antisera showed 
that immunoreactive peptides were localized in specific 
cells in the nervous system and midgut of cockroaches, 
crickets, locusts, flies and moths (El-Salhy et al. 1980; 
Iwanaga et al. 1981; Duve and Thorpe 1982; Endo and 
Nishiitsutsuji-Uwo 1982b; El-Salhy et al. 1983; Myers 
and Evans 1985; Brown et al. 1986; Iwanaga et al. 1986; 
Schoofs et al. 1988). In hindsight, the objective of identi- 
fying a gut-specific NPF from an insect was attained with 
the isolation of the two midgut peptides, Hez MP-I (Table 
1) and —II, from corn earworm larvae, Helicoverpa zea 
(Huang et al., 1998). Their chromatographic purification 
was driven with a radioimmunoassay (RIA) using an Arg- 
Phe-NH2 antiserum. Subsequently, an antiserum specific 
to Hez MP-I was produced and used in RIAs to monitor 
isolation of the D. melanogaster NPF (Brown et al. 1999). 
Using immunocytochemistry, the Hez MP-I antiserum 
showed that the NPF was present in relatively few brain 
neurons and neurosecretory cells and in many midgut 
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endocrine cells in D. melanogaster larvae and adults. In ver- 
tebrates, the NPY-related peptides also display expres- 
sion as a brain-gut axis that regulates feeding behavior 
and digestion (Neary et al. 2005; Cox 2007). Recent stud- 
ies show that NPFs also affect feeding and digestion in in- 
sects. For mosquito larvae, NPF inhibits peristalsis and 
ion transport of the midgut in vitro (Onken et al. 2004). 
In D. melanogaster, alterations in the gene for NPF and its 
receptor are associated with specific feeding and food- 
searching behaviors of larvae particularly under food-de- 
prived conditions (Shen and Cai 2001; Wu et al. 2003; 
Wu et al. 2005; Lingo et al. 2007). 

As a first step to determine whether an NPF exists in ter- 
mites and if it affects feeding, Hez MP-I antibody was 
used to map and compare the distribution of NPF-like 
immunoreactivity in the brain, ventral nerve cord and al- 
imentary tract of alate, worker, and soldier castes of the 
eastern subterranean termite, Reticulitermes Jlavipes (Kollar) 
(Isoptera: Rhinotermitidae). Different feeding behaviors 
have been observed among castes of this species. The 
worker caste feeds direcdy on wood or other cellulose- 
rich substrates, whereas the soldier and alate castes rely 
on food shared by the workers (Laine and Wright 2003). 
To date, only three peptide hormones have been isolated 
and structurally characterized from termites: ^potennopsis 
nevadensis diuretic hormone (^pone DH) (Baldwin et al. 
2001), Microhodotermes viator corpus cardiacum peptide 
(Miv-CC) and Periplaneta americana cardioaccelerating hor- 
mone (Pea-CAH-I) from Mastotermtes darwiniensis and 
Trivervitermes trinervoides (Liebrich et al. 1995). The immun- 
ocytochemical distribution of pigment-dispersing hor- 
mone was reported in the central nervous system of 
Meotermes castaneus (Sehadova et al. 2003) and Dippu- 
allatostatin-like immunoreactivity in the brain of R. Jlavi- 
pes (Yagi et al. 2005). Termites are economically import- 
ant structural pests worldwide (Su and Scheffrahn 2000), 
and antagonists of peptide hormones could be used to 
disrupt the internal signaling systems of pest insects as a 
potential management tool (Orchard et al. 2001; Gade 
and Goldsworthy 2003) providing an alternative to the 
chemistries currently used for termite management. 



Table I . Amino acid sequence of peptides used to preabsorb Hez MP-I 
antiserum. 



Peptide 


Amino acid sequence 


Ang NPF 


LVAARPQDSDAASVAAAIRYLQELETKHAQHARPRF-NH 2 


Hez MP-I 


QAARPRF-NH2 


Ang sNPF-l 


AVRSPSLRLRF-NH2 


FMRF-NH2 


FMRF-NH2 
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Materials and Methods 

Animals 

R. Jlavipes were collected from 1 2 different termite-infes- 
ted logs in Whitehall Forest south of the University of 
Georgia campus. Workers and soldiers were attracted 
from logs into PVC tubing containing moistened, rolled 
cardboard. Termites were transferred to plastic boxes 
containing moistened slats of pine wood and filter paper 
and stored at 24°C in total darkness. Workers and sol- 
diers used for immunocytochemistry were taken between 
7 — 66 days after collection. Alates were captured as they 
emerged from logs in the lab during this species' swarm- 
ing season (January through April). Alates were either 
used within one to two days after emergence or male and 
female pairs were placed together in nesting material for 
6 days before use. 

Morphological Measurements 

The brain and ventral ganglia of alates (n > 2), soldiers (n 
> 6) and 4th instar or larger workers (n > 5) were dissec- 
ted in phosphate buffered saline (PBS), and mounted on 
microscope slides. Images were taken with a digital cam- 
era (JVC America Corp., model KY-F70BU, 
www.jvc.com) mounted on an Olympus BX60 micro- 
scope (www.olympus.com) using Auto-Montage Pro soft- 
ware (Synoptics Ltd., version 5.01.0005, 2004, 
www.synoptics.co.uk). Auto-Montage Pro was used to 
take measurements of length and width for each ganglion 
and length of ganglial connectives. Diagrams of the caste 
nervous systems were created from digital images of rep- 
resentative ganglia that were traced in Adobe Photoshop 
CS (Adobe Systems Inc., version 8.0, 2004, 
www.adobe.com) for each caste examined. 

Alimentary tracts of workers (n > 6) and soldiers (n > 4) 
were dissected, mounted and photographed as above. 
Tissues were partially unfolded so that the entire aliment- 
ary tract could be observed. Length and width of each 
gut region were measured with Auto-Montage Pro. A 
generalized diagram of the R. Jlavipes alimentary tract was 
created from digital images for a description of immuno- 
cytochemical data. 

Whole Tissue Immunochemistry 

Brain, ventral nerve cord and alimentary tract were dis- 
sected from alates, soldiers and 4th instar or larger work- 
ers in 4% paraformaldehyde/PBS solution (pH 7.4). Tis- 
sues were fixed for 1 h in the paraformaldehyde solution 
at 4 °C and then dehydrated in 15 min washes of ethan- 
ol/PBS solution in the following series: 30, 50, 70, 100%, 
and rehydrated in PBS/70% ethanol for 15 min, and 
PBS for 15 min. Goat serum (5%) with 0.1% Tween 20 
(PBS-GS-T) was used to block tissues for 1 hour. Hez 
MP-I antibody (35B, Huang et al. 1998) was diluted 
1/800 in PBS-GS-T and incubated with tissues overnight 
at 4 °C. Tissues were washed with PBS-GS-T (3 x 30 
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min) and then incubated with goat-anti rabbit Alexa 
Fluor 488F® (Molecular Probes, Eugene, OR, USA, 
1:2000 in PBS-GS-T, www.probes.com) overnight. Fin- 
ally, tissues were washed with PBS-T (3 x 30 min), and 
then mounted on glass slides in a 1 : 1 PBS/ glycerol solu- 
tion. Controls were performed by preabsorbing primary 
antibody with FMRF-NH 2 (3.3 x 10~ 5 M), Hez MP-I (7.3 
x 10 -5 M), Aug sNPF I (6.3 x 10~ 5 M), orAngNVF (1.2 x 
10 ^ M) (Table 1) for 24 h prior to tissue incubation or 
by omitting the primary antibody. Specimens were 
viewed and photographed using the same microscope 
equipped with epifluorescent optics mentioned above, 
and at least three of the antiserum and control-treated 
tissues from individuals of the different castes were ob- 
served for the results reported herein. 

Transmission Electron Microscopy 

Midguts from worker R. Jlavipes were dissected and fixed 
according to the procedure of Grube et al. (1997). Briefly, 
worker midguts were fixed in 2% glutaraldehyde / 0.1 M 
cacodylate buffer solution (pH 7.0) for 20 h at 4 °C. A 
cacodylate buffer rinse was followed by a secondary fix in 
1% Os0 4 (1 h at 4 °C). Tissues were washed in 0.1 M 
cacodylate buffer (15 min at 4 °C), H2O (2x, 15 min at 4 
°C), ethanol (30, 50, 70, 95, 100, 100, 100%, 15 min 
each, 4 °C), and propylene oxide (15 min at 4 °C). 
Midguts were embedded in Epon 812 resin and polymer- 
ized overnight at 65 °C. Sections (~40 nm) were stained 
with uranyl acetate and lead citrate and photographed 
with a JEOL 100CX II transmission electron 
microscope. 

Results 

Nervous system - morphology 

The central nervous system in the three castes of R. Jlavi- 
pes is comprised of a brain, frontal ganglion, subesopha- 
geal ganglion (Thompson 1916), three thoracic ganglia 
and six abdominal ganglia joined by parallel axon tracts 
(Figure 1). The first five abdominal ganglia are nearly 
identical in size, but the sixth, a fusion of five terminal 
ganglia (Richard, 1969), is larger (Table 2). 

The brain and ventral ganglia of the alate caste were lar- 
ger than those of workers and soldiers (Table 2). Alate 
brains had well developed optic lobes compared to the 
reduced optic lobes of soldiers and workers. The subeso- 
phageal ganglion was similar in size between soldiers and 
alates but smaller in workers. Brain and ventral ganglia 
proportions were similar in soldiers and workers, but 
ganglial connectives between the subesophageal ganglion 
and the first thoracic ganglion were approximately twice 
as long in the soldiers than those of workers or alates to 
accommodate the longer head length. 
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alate soldier worker 




Figure I . Dorsal view of the brain and ganglia of Reticulitermes f/av/pes alates, soldiers and workers. 
In this figure brains are displaced to show the subesophageal ganglion located ventrally. Both the 
ventral connective of the subesophageal ganglion and the frontal ganglion connect to the trito- 
cerebrum of the brain. Abbreviations: al, antennal lobe; fg, frontal ganglion; ol, optic lobe; tc, trito- 
cerebrum; vc, ventral connective; B, brain; SG, subesophageal ganglion; T I— 3, thoracic ganglia; A I -6, 
abdominal ganglia. 
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Table 2. Average length (L), width (W) and length of ganglial connectives (C) of dissected brains and 
ventral nerve cords of the alate, worker and soldier castes of R. flavipes (±SD fim). Number of specimens 
measured is included in parenthesis. 



Tissue 


Dimension 


Alate 


Soldier 


Worker 


Brain 


L 


467.9 ± 72. 1 (5) 


235.8 ±49.9 (II) 


181.3 ± 32.0 (8) 


W 


971.9 ± 132.2 (5) 


729.3 ± 36.6 (II) 


724.0 ± 60.4 (8) 


SG 


L 


384.9 ± 38.7 (3) 


426.0 ± 30.7 (10) 


336.3 ±14.1 (8) 


W 


289.8 ± 40.3 (3) 


283.9 ± 37.4 (10) 


255.1 ± 10.9 (8) 


c 


610.0 ± 0.0 (2) 


1 1 69.7 ± 1 72.3 (6) 


45 1 .4 ± 36.0 (5) 


Tl 


L 


280.7 ± 24.3 (3) 


257.4 ± 17.0 (12) 


230.0 ± 7.7 (6) 


W 


316.5 ± 27.1 (3) 


275.8 ± 25.6 (12) 


262.7 ± 1 6.5 (6) 


C 


432.6 ± 45.2 (4) 


193.1 ± 33.8 (9) 


1 58.0 ± 24.7 (6) 


T2 


L 


283.6 ± 1 6.8 (6) 


202.6 ± 10.3 (10) 


1 98.8 ±11.3 (6) 


W 


269.7 ± 43.3 (6) 


266.9 ± 14.9 (10) 


272.0 ± 24. 1 (6) 


C 


430.8 ± 33.4 (5) 


1 74. 1 ± 22.5 (8) 


195.8 ± 26.4 (5) 


T3 


L 


297.3 ±21.2 (6) 


217.0 ± 22.2 (10) 


207.5 ±11.3 (6) 


W 


3 14.0 ±48.1 (6) 


292.5 ± 18.5 (10) 


282.2 ± 1 5.7 (6) 


C 


372.6 ± 68.7 (6) 


263.0 ± 20.2 (7) 


250.5 ± 24.4 (6) 


Al 


L 


183.9 ± 26.7 (5) 


140.1 ± 12.0 (1 1) 


1 34.9 ± 1 1 .0 (7) 


W 


1 50.6 ± 24.2 (5) 


148.4 ± 12.8 (1 1) 


140.3 ± 22.4 (7) 


C 


259.2 ± 56.2 (4) 


180.0 ± 38.9 (12) 


1 82.4 ± 38. 1 (7) 


A2 


L 


1 64.3 ± 9. 1 (4) 


140.9 ± 13.0 (12) 


133.9 ± 10.2 (7) 


W 


162.0 ± 10.9 (4) 


140.9 ± 19.9 (12) 


130.4 ± 13.2 (7) 


C 


257.5 ±31.6 (5) 


191.2 ± 36.3 (12) 


165.9 ± 29.2 (7) 


A3 


L 


171.6 ± 20.2 (5) 


134.3 ± 14.5 (12) 


1 26.9 ± 1 6.8 (7) 


W 


142.0 ± 18.4 (5) 


142.4 ± 15.3 (1 1) 


1 38.7 ± 1 5.6 (7) 


C 


236.9 ± 39.5 (5) 


205.0 ± 35.7 (12) 


201.5 ± 37.9 (6) 


A4 


L 


180.9 ± 14.4 (5) 


132.5 ± 17.0 (12) 


1 27.8 ± 1 2.4 (5) 


W 


132.5 ± 16.6 (5) 


131.0 ± 12.9 (12) 


1 27.0 ± 1 1 .2 (5) 


C 


209.6 ± 46.9 (5) 


178.2 ± 23.0 (1 1) 


1 79.8 ± 1 7.3 (6) 


A5 


L 


174.5 ± 13.6 (5) 


135.4 ± 10.5 (12) 


1 3 1 .7 ± 8.6 (6) 


W 


115.8 ±21.7 (5) 


127.6 ± 1 1.5 (12) 


1 24.8 ± 9.0 (6) 


c 


194.8 ± 34.3 (4) 


159.7 ±24.9 (10) 


1 62.0 ± 22.4 (5) 


A6 


L 


245.1 ± 19.9 (4) 


220.2 ± 15.6 (10) 


233.4 ± 9.0 (5) 


W 


184.9 ± 15.5 (4) 


153.0 ± 8.7 (10) 


148.8 ± 10.0 (5) 



B, brain; SG, subesophageal ganglion; Tl— 3, thoracic ganglia; A I -6, abdominal ganglia. 



Brain and frontal ganglion 

Immunoreactive cells were observed in all regions of the 
central nervous system of the three castes examined, ex- 
cept for the frontal ganglion. In all castes, strong immun- 
ostaining was observed in a pair of neurosecretory cells in 
the protocerebrum and another pair on the anterior 
distal margin of the protocerebrum (Figures 2, 3). 

Immunoreactive cell bodies in the brain were counted for 
each caste (Table 3). On average, approximately 70 im- 
munoreactive cells were counted per brain and no signi- 
ficant differences in number of cells were found between 
castes (F = 0.03; df = 2; P = 0.967). The number of 



immunoreactive brain cells varied widely between indi- 
viduals of a caste. For soldiers the range was 32 to 117 
immunoreactive cells and for workers 31 to 94 immun- 
oreactive cells. The proportion of immunoreactive cells 
in various brain regions was similar within a caste (Table 
4). Many immunoreactive cells were observed in the 
tritocerebrum (43% of the immunoreactive brain cells in 
soldiers and 25% in workers) and in the protocerebrum 
(30% in soldiers and 51% in workers) (Table 4, Figures 2, 
3). In alate brains, immunoreactive axons were observed 
within the optic lobes (Figure 3A) but not in those of 
workers or soldiers. 
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Figure 2. NPF-like immunoreactivity of the brain of a soldier (A) and worker (B) of Reticulitermes flavipes. Clusters of immunoreact- 
ive cells (arrows) and brightly staining cells (arrowheads) are indicated. Abbreviations: al, antennal lobe; dc, deutocerebrum; op, optic 
lobe; pc, protocerebrum; pi, pars intercerebralis; tc, tritocerebrum. Bars = 100 fim. 
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Table 3. Average number of immunoreactive NPF-like cells 
counted in brain and ventral nerve cord of alates, soldiers, and 
workers (±SD). Number of specimens counted is included in 
parenthesis. 



Tissue 


Alate 


Soldier 


Worker 


Brain 


71.0 ± 5.7 (2) 


67.0 ± 27.9 (6) 


65.9 ± 23.8 (7) 


SG 


9.3 + 6.6 (6) 


1 3.4 ± 6.3 (5) 


18.5 ± 1 1.6 (4) 


Tl 


6.3 ± 2.1 (3) 


1 0.0 ± 2.0 (5) 


6.2 ± 3. 1 (5) 


T2 


9.7 ± 4.7 (3) 


9.7 ± 2.5 (3) 


8.0 ± 2.9 (4) 


T3 


8.5 ± 3.5 (2) 


7.3 ± 1 .0 (4) 


8.7 ± 2.5 (3) 


Al 


3.7 ± 3.8 (3) 


2.2 ± 1 .8 (6) 


1 .3 ± 1 .0 (4) 


A2 


7.0 ± 5.3 (3) 


3.8 ± 2.8 (6) 


5.5 ± 2. 1 (4) 


A3 


6.7 ± 4.7 (3) 


3.3 ± 2. 1 (6) 


2.8 ± 2.2 (4) 


A4 


6.0 ± 1.7(3) 


4.3 ± 1 .0 (6) 


3.3 ± 1.5 (4) 


A5 


5.3 ± 1.2 (3) 


4.2 ± 2.0 (6) 


7.3 ± 1 .0 (4) 


A6 


1 2.5 ± 2. 1 (2) 


14.3 ± 5.0 (6) 


18.3 ± 6.2 (4) 



B, brain; SG, subesophageal ganglion; TI-3, thoracic ganglia; Al— 6, 
abdominal ganglia. 



Table 4. Average number of NPF-like immunoreactive cell 
bodies counted by brain region in soldiers, and workers (±SD). 
Number of specimens counted is included in parenthesis. 



Brain Region 


Soldier 


Worker 


Protocerebrum 


23.0 ± 1 1.5 (5) 


44.0 ± 11.3 (2) 


Deutocerebrum 


9.8 ± 4.2 (6) 


10.0 ± 1.4 (2) 


Tritocerebrum 


32.8 ± 10.5 (5) 


22.0 ± 1 .4 (2) 


Pars intercerebralis 


1 1.0 ± 5.7 (6) 


1 1 .0 ± 1 .4 (2) 



Immunoreactive axons were observed on the surface of 
the corpora cardiaca and the corpora allata of all castes 
(Figure 4), but no immunoreactive cell bodies were ob- 
served. The corpora allata of alates were larger and more 
rounded than those of workers or soldiers. 

Ventral nerve cord 

In all castes, three brighdy stained cells were consistendy 
seen on the ventral surface of the subesophageal gangli- 
on: a pair of cells on the posterior and a single cell on the 
anterior surface (Figure 5A). Although variable, the total 
number of immunoreactive cells in this ganglion was 
highest in workers followed by the soldiers and alates 
(Table 3) but differences were not significant (F — 1.55; df 
= 2; P = 0.251). 

The thoracic ganglia in all castes contained eight brightly 
stained cells: two cells on the dorsal anterior of the 
ganglia, and six cells, in groups of three, on the ventral 
center of the ganglia (Figure 5B). The total number of 
immunoreactive cells counted in thoracic ganglia was 
similar in all castes (Table 3). 



Abdominal ganglia 1—5 had from one to eight immun- 
oreactive cells (Table 3, Figure 5C), but most lacked 
strong immunoreactivity. Each abdominal ganglion had 
a single pair of immunoreactive axons that extended 
along the abdominal body wall, although the exact tissue 
innervated was not determined. The terminal abdominal 
ganglion contained an average of 7 brightly stained cells 
for all castes. No clear distribution pattern for these cells 
was evident. Workers had more total immunoreactive 
cell bodies in the terminal abdominal ganglion than sol- 
diers, and soldiers had more than the alates, although 
these differences were not significant (F — 1.04; df = 2; P 
= 0.392) (Table 3). 

Stomatogastric nervous system 

Immunoreactive axons were associated with the aliment- 
ary tract (Figure 6) in all three castes. Immunoreactive 
axons projected to the frontal ganglion from the trito- 
cerebrum. A single, large, immunoreactive axon tract 
originating in the frontal ganglion was present on the 
esophagus (Figure 7A). It branched over the surface of 
the esophagus and salivary (labial) glands and gland 
reservoirs (Figure 7B) and extended along the esophagus 
to divide over the crop after the ingluvial ganglion 
(Figure 7B). Five to eight immunoreactive cell bodies 
were in this ganglion. The axons branched over the crop 
and ringed the junction of the crop and proventriculus. 
The proventriculus was covered with immunoreactive 
axons, and 10 to 20 immunoreactive enteric plexus cell 
bodies were present on the surface (Figure 8A). The two 
main branches of the esophageal nerve continued down 
the proventriculus and branched again at the junction of 
the foregut and midgut. Immunoreactive axons were less 
numerous from the anterior to the posterior region of the 
midgut and ended before the hindgut (Figure 8A). Im- 
munoreactive axons originating from the 6th abdominal 
ganglion were observed only on the rectum and junction 
of the hindgut and rectum (Figure 8B). 

Midgut endocrine system 

The midgut of R. flcwipes is uniformly tube-like with no 
gastric cecae (Noirot 1995) (Figure 6, Table 5). The 
midgut surface is composed of circular nodes (52.2 + 
11.3 fim in diameter [n = 21]) (Figure 9B) that contain 
regenerative nidi and the surrounding mature columnar 
cells. Regenerative cell nidi were observed at the center 
of these nodes as revealed by transmission electron mi- 
croscopy (TEM) (Figure 9C). Endocrine cells were identi- 
fied by the presence of secretory granules near the basal 
lamina (Figure 9C inset). NPF-like endocrine cells were 
visualized with fluorescence microscopy using the Hez 
MP-I antibody (Figure 9A, D). These cells were clearly 
differentiated from axons by their characteristic bottle 
shape with a wide base at the basal lamina and an apical 
extension to the lumen of the gut (Figure 9D inset) 
(Nishiitsutsuji-Uwo and Endo 1981). Two immunoreact- 
ive endocrine cells were observed on opposite sides of 
each node (Figure 9D), but the number was not always 
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Figure 3. (A) NPF-like mmunoreactivity of the female alate brain of Reticulitermes flavipes. Clusters of immunoreactive cells (arrows) and 
brightly staining cells (arrowheads) are indicated. (B) Diagram of immunoreactive cells observed in the brain of a soldier. Clusters of im- 
munoreactive cell bodies occurred in the same regions of alates, workers and soldiers. Brightly immunostaining cell bodies are indicated in 
black. Abbreviations: al, antennal lobe; dc, deutocerebrum; ol, optic lobe; pi, pars intercerebralis; pc, protocerebrum; tc, tritocerebrum. 
Bars = 1 00 fim. 
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Figure 5. NPF-like immunoreactivity of ventral nerve cord ganglia of Reticulitermes flavipes. (A) Ventral view of subesophageal gangli- 
on. Bright staining cells (arrows) and additional immunoreactive cells (arrowheads) were observed. (B) Thoracic ganglia. 3 pairs of 
brightly stained cells were observed consistently (arrowheads). (C) Posterior abdominal ganglia (A4 - A6) with scattered immunore- 
active cells (arrowheads). Bars = 100 fim. 
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Figure 6. Diagram of expanded Reticulitermes flavipes alimentary tract with immunoreactive axon tracts in 
green and immunoreactive midgut endocrine cells in blue. Bar = 500 fim. 
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cr 




Figure 7. NPF-like immunostaining of the foregut of Reticulitermes f!av/pes. (A) Immunoreactive axons on the esophagus 
and immunoreactivity in the esophageal nerve. This nerve divides after the ingluvial ganglion (arrowhead) (B) Immunore- 
active axons on the crop, proventriculus and salivary glands. The immunoreactive esophageal nerve enters the ingluvial 
ganglion (arrow) and divides over the crop. Note immunoreactive cells in the ingluvial ganglion. Branches of the nerve 
ring the junction of crop and proventriculus (arrowhead). Abbreviations: cr, crop; e, esophagus; en, esophageal nerve; sg, 
salivary glands; pv, proventriculus. Bars = 100 ftm. 
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Figure 8. (A) NPF-like immunoreactivity of the foregut and midgut of Reticulitermes flavipes. Immunoreactive enteric plexus cell bod- 
ies on the surface of the proventriculus (arrowhead). Immunoreactive axons on the midgut surface (arrows). (B) Immunoreactive ax- 
ons on the rectum and posterior hindgut/rectal junction (arrowhead). Abbreviations: hg, hindgut; mg, midgut; pv, proventriculus; r, 
rectum. Bars = 1 00 fim. 
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consistent and as many as five were observed in one 
node. 



Table 5. Average length (L), and width (W) of dissected gut 
tissues of workers and soldiers (±SD fim). Widths were meas- 
ured on the anterior and posterior portions of the midgut and 
posterior hindgut (AW and PW, respectively). Number of spe- 
cimens measured is included in parenthesis. 



Tissue 




Soldier 


Worker 


Hypopharynx 


L 


305.3 ±21.0 (5) 


550.7 ± 27.5 (7) 


Esophagus 


L 


3091.5 ± 201.9 
(8) 


2055. 1 ± 1 1 2.8 
(7) 


W 


1 06.7 ± 25.4 (9) 


84. 1 ± 11.5 (7) 


Foregut 


L 


788.1 ± 99.5 (1 1) 


666.3 ± 68.7 (8) 


W 


500.4 ± 1 1 9.3 
(II) 


449.8 ± 1 3.9 (8) 


Midgut 


L 


2379.4 ± 277.3 


2596.4 ± 169.5 

V) 


AW 


306. 1 ± 27.5 (9) 


359.7 ± 25.6 (7) 


PW 


267.6 ± 28.7 (9) 


341.3 ± 15.5 (7) 


Anterior 
Hindgut 


L 


1745.9 ± 190.5 

(9) 


2195.3 ±413.8 
(6) 


W 


728.6 ± 1 50.8 (9) 


940.8 ± 154.6 (6) 


Posterior 
Hindgut 


L 


1618.9 ± 257.3 
(8) 


25 13.7 ± 285.7 
(6) 


AW 


293.8 ± 80.3 (8) 


446.2 ± 57. 1 (6) 


PW 


1 28.0 ± 22.4 (8) 


193.5 ± 52.0 (6) 


Rectum 


L 


668.8 ± 1 94.9 (4) 


712.0 ± 71.6 (6) 


W 


414.8 ± 100.9 (4) 


421.0 ± 82.2 (6) 


Total 


L: 


10209.0 ±815.6 
(4) 


1 1281.8 ± 548.5 
(6) 



L, length; W, width; AW, anterior width; PW, posterior width 



Immunostained midguts from caste members were cut 
longitudinally and placed flat on microscope slides for 
cell counting. Immunoreactive endocrine cells were 
evenly distributed throughout the midgut in all castes ex- 
amined. Workers had more midgut endocrine cells than 
soldiers or alates, soldiers had more than alates, and fe- 
male alates had more than male alates. The differences 
among cell numbers, however, were not significant (F — 
1.20; df = 2; P = 0.331) (workers = 785 + 165 [n = 7]; 
soldiers = 703 + 155 [n = 6]; female alates = 687 + 34 
[n = 2]; male alates = 602 + 148 [n = 2]). 

Other tissues 

No immunostained cells or axons were observed in or as- 
sociated with the fat body and Malpighian tubules of all 
castes or the testes and ovaries of two day and six day old 
male and female alates. 

Preabsorption controls 

No immunoreactivity was observed in the nervous system 
or gut of the different castes when the antiserum was 



Nuss et al. 

preabsorbed with Hez MP-I, Ang sNPF I, Ang NPF, or 
when the primary antibody was omitted. Preabsorbtion 
with FMRF-NH2 did not noticeably change 
immunostaining. 

Discussion 

In this study, an NPF-like peptide was localized in nu- 
merous specific cells distributed in the both the central 
nervous system and gut of R. Jlavipes caste members. So 
distributed, release of this neuropeptide messenger likely 
integrates feeding behaviors regulated by the nervous sys- 
tem in relation to food content and its digestion and pas- 
sage in the gut. These putative roles for NPF in termite 
digestion are supported by studies of dipterans for which 
NPF regulates feeding and food-searching behaviors 
(Shen and Cai 2001; Wu et al. 2003; Wu et al. 2005; 
Lingo et al. 2007) as well as midgut motility and ion 
transport (Onken et al. 2004). 

The brain and ventral nerve cord of alate, worker and 
soldier R. Jlavipes contained similar distributions of cells 
and axons immunoreactive to Hez MP-I antibody. Im- 
munoreactive axons leaving the brain entered the frontal 
ganglion or were associated with the corpora cardiaca/ 
corpora allata complex and the foregut and midgut with 
branches extending over the surface of the salivary 
glands. Immunoreactive axons occurred on the rectum. 
Over 600 immunoreactive midgut endocrine cells were 
also observed in midguts with higher numbers occurring 
in the worker caste. The immunoreactive peptide in the 
central nervous system and midgut endocrine cells likely 
shares sequence similarity to other NPFs. The Hez MP-I 
antibody used for immunocytochemistry recognizes Dm 
NPF (Brown et al. 1999), and immunostaining in tissues 
was abolished when the antiserum was preabsorbed by 
Hez MP-I and Ang NPF and Ang sNPF-I. Together, these 
results indicate that the Hez MP-I antibody has specificity 
for peptides with an RXRF-NH2 C-terminus, a shared 
feature of these three peptides (Table 1). Immunostaining 
in termites was not changed when antiserum was preab- 
sorbed with FMRF-NH2. This indicates that the Hez 
MP-I antiserum is specific for an NPF-like sequence and 
does not have a strong affinity to peptides with only an 
RF-NH2 C-terminus such as extended FMRF-NH2, 
myosuppressins, and sulfakinins. 

Immunocytochemistry has been an important tool for 
describing NPY-related peptides in insects. Detailed im- 
munocytochemical studies with NPF have so far only 
been reported for holometabolous insects, in particular 
D. melanogaster (Brown et al. 1999), Ae. aegypti (Stanek et al. 
2002) and H. zea (Huang 1995). The brains of Manduca 
sexta also showed PP-like immunoreactivity in cells and in 
axons that led to the corpora cardiaca and the aorta (El- 
Salhy et al. 1983). Patterns of immunostaining in central 
nervous system and gut among these insects and R. 



Journal of Insect Science | www.insectscience.org 



14 



Journal of Insect Science: Vol. 8 | Article 68 



Nuss et al. 




Figure 9. (A) Midgut endocrine cells of Reticulitermes flavipes. Midgut is oriented anterior (top) to posterior (bottom) Bar = 100 ftm. 
(B) Light microscopy of midgut surface showing the circular nodes. Bar = 100 ftm. (C) TEM of midgut cross-section showing a nidus. 
Midgut is oriented hemolymph side (top) to lumen (bottom). Arrowhead indicates a small portion of an endocrine cell. Bar = 10 ftm. 
Inset: Closeup of endocrine cell. Bar = I ftm. (D) Immunoreactive endocrine cells. Typically two cells occur per nidal cluster. Bar = 
25 ftm. Inset: Closeup of pyramidal immunoreactive endocrine cell. Bar = 10 ftm. Abbreviations: bl, basal lamina; mv, microvilli; N, 
nidus; nu, nucleus; sg, secretory granules. 



flavipes were similar. Paired, immunoreactive, neuro- 
secretory cells were observed in the brain of all of these 
insects. In H. zea and R. flavipes, immunoreactivity was 



observed in cells on the ventral nerve cord ganglia and 
axons on the surface of the corpora cardiaca. Also, the 
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gut tract of H. zea, Ae. aegypti, and R. Jlcwipes each exhib- 
ited immunoreactive axons at various points. 

The distribution of NPF-like peptides in hemimetabolous 
insects has been described primarily from studies with 
antisera from vertebrate NPY-related peptides. Immun- 
oreactivity to NPF and NPY antibodies has been repor- 
ted in brain, subesophageal ganglion and gut of P. americ- 
ana and S. gregaria, but a complete description of cell bod- 
ies or axon processes is lacking (Zhu et al. 1998). PP-im- 
munoreactivity in P. americana (Endo et al. 1982a) and S. 
gregaria (Myers and Evans 1985) and NPY-immunoreact- 
ivity in L. migratoria central nervous system (Schoofs et al. 
1 988) was similar to R. jlavipes NPF-like immunoreactiv- 
ity, especially with regard to clusters of immunoreactive 
cell bodies in the central nervous system. 

Midgut endocrine cells from several insects are reactive 
to NPF or NPY/PP antisera. NPF-like immunoreactive 
midgut endocrine cells in R. jlavipes share similarities with 
those observed in D. melanogaster (Brown et al. 1999), Ae. 
aegypti (Stanek et al. 2002) and H. zea (Huang 1995), al- 
though the distribution and number of cells differed. 
NPY-like immunoreactive midgut endocrine cells have 
been similarly reported in L. migratoria (Schoofs et al. 
1988) and Tramea Virginia (Patankar and Tembhare 2006). 
PP-immunoreactive midgut endocrine cells occur in P. 
americana (Iwanaga et al. 1981), Gryllus bimaculatus 
(Iwanaga et al. 1986), Calliphora vomitoria (Duve and 
Thorpe 1982) and Ae. aegypti (Brown et al. 1986). 

The patterns of NPF immunostaining observed in the 
central nervous system and the gut among alates, workers 
and soldiers were similar suggesting these peptides may 
share similar functions in all three castes. NPFs share an 
RF-amide C-terminus with myosuppressins, extended 
FMRF-NH2, sulfakinins, sNPF and head peptides. Many 
of these RF-amides have myostimulatory or myoinhibit- 
ory effects on gut tissues (Fujisawa et al. 1993; Lange and 
Orchard 1997). Immunoreactive axons on the R. Jlavipes 
midgut suggest that they may have such a function allow- 
ing or preventing pumping of food through the gut. 
Rings of innervation at the junction of the crop, 
proventriculus, hindgut and rectum may also influence 
access of gut contents through gut compartments. Similar 
patterns of immunoreactivity have been observed in Ae. 
aegypti with other neuropeptides (Veenstra et al. 1995). 

The diverse peptides expressed by endocrine cells in the 
insect midgut are thought to regulate different processes 
associated with digestion (Brown and Lea 1 990; Veenstra 
et al. 1995). Leucomyosuppressin and Dippu-allatostatin 
7 increase secretion of digestive enzymes in the midgut of 
the cockroach, Diploptera punctata (Fuse et al. 1 999), and 
presumably this is mediated by such peptides originating 
from midgut endocrine cells. To date, there is no evid- 
ence that NPF affects digestive enzyme release in the in- 
sect midgut, but it does inhibit ion transport in the 



midgut oiAe. aegypti larvae (Onken et al. 2004), where it is 
present in midgut endocrine cells. NPF released from 
midgut endocrine cells into the hemolymph (Jenkins et 
al., 1989) would be carried to other tissues, including the 
nervous system, where it may stimulate or modulate pro- 
cesses associated with nutrient states. It has been sugges- 
ted that the receptive termini of axons on the surface of 
the gut may be activated by peptides released by the 
midgut endocrine cells, bridging the gap between the gut 
and nervous system through the brain-gut axis (Sehnal 
and Zitnan, 1996). The higher number of immunoreact- 
ive midgut endocrine cells in worker termites may indic- 
ate that this communication plays a role in the differenti- 
ation of caste feeding behavior. 

Regeneration of columnar and endocrine cells from nidi 
in the midgut tissue of cockroaches was noted long ago 
(Endo and Nishiitsutsuji-Uwo 1982b) and more recently 
reported in termites (Tokuda et al. 2001). We typically 
observed two or more endocrine cells immunoreactive to 
//&J-MP-I antisera within each nidal cluster, and as many 
as five were observed. Variation in number of midgut en- 
docrine cells was observed in L. migratoria, where between 
zero and three endocrine cells were observed per regen- 
erative niche (Illa-Bochaca and Montuenga 2006). 

This study represents the first description of NPF-like im- 
munoreactivity in termites. Mapping the distribution of 
an NPF-like peptide in the nervous system and midgut of 
R. Jlavipes was the first step to understanding its import- 
ance. We recently purified the R. Jlavipes NPF from a tis- 
sue extract with HPLC, as monitored with the Hez MP-I 
radioimmunoassay (unpublished results) and sequencing 
and molecular characterization revealed that it is an au- 
thentic NPF. Fractions containing this NPF accounted 
for most of the immunoreactivity in the extract, thus sup- 
porting the specificity of the Hez MP-I antiserum. The 
tissue distribution described herein will serve as a guide 
for the testing of synthetic NPF to discover its function in 
termites. 
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